Abstract. Plane bending fatigue test had been conducted to investigate fatigue crack initiation mechanism in coarse-grained magnesium alloy, AZ31, under different mean stress. The initial crystallographic structure was analyzed by an electron backscatter diffraction (EBSD) method. When the test had been conducted at the load ratio R=-1, secondary twin operated in a primary twin and resulted in the fatigue crack initiation. On the other hand at R=0.1, dual twin was activated and crack has initiated along the grain boundary.
Introduction
Magnesium (Mg) alloys are attractive for structural material because they have lighter weight than aluminum (Al) alloy. But to use Mg alloys for load-bearing mechanical components, it is important to understand their fatigue behavior. Furthermore, Mg alloys have HCP crystallographic structure and their plastic deformation behavior is different from conventional FCC and BCC metals, such as Al alloys and steels. It is believed that only basal slips and twining can operate during plastic deformation, which could be attributed to HCP structure and a/c ratio of Mg. In addition, the twining behavior is different between tension and compression. Therefore the understanding of fatigue damage mechanism of Mg alloy is difficult due to unique deformation behavior. In this study, plane bending fatigue tests were conducted using coarse-grained Mg alloy, AZ31, and fatigue damage accumulation leading to crack initiation was crystallographically analyzed by an electron backscattered diffraction (EBSD) method. The fatigue tests were conducted under different stress ratios, and the effect of mean stress on fatigue crack initiation was investigated.
Experimental Procedure

Material and Specimen Geometry
The material was wrought Mg alloy, AZ31. The as-received plate was heat treated to enlarge grain size in order to make the observation of trans-granular fatigue crack initiation easier. The average grain sizes are 15μm and 510μm for as-received and coarse-grained materials, respectively. The mechanical properties are as follows. As-received material; proof stress, σ 0.2 of 116MPa, tensile strength, σ B of 295MPa. Coarse-grained material; proof stress, σ 0.2 of 46MPa, tensile strength, σ B of 157MPa. Fatigue specimens were sampled from the plate after grain-coarsening heat treatment. The gage section of the fatigue specimen has the length of 6mm, the width of 4mm and the thickness of 4mm. Very thin notch was made on one side of the specimen to limit the fatigue crack initiation site.
EBSD Analysis
The specimen surface was polished by emery papers and mirror finished by buffing. Finally ionmilling was applied on the specimen surface to conduct EBSD analysis. EBSD analysis could give Euler angle of each grain. When a specific slip or twining plane operated, the intersection line between the plane and the surface plane appears on the specimen surface, namely so-called slip line or twining line. As schematically shown in Figure 1 , the angles of the line could be calculated from Euler angles obtained by EBSD analysis. Thus the activated slip and/or twining were identified from the angles on the specimen surface in the following analyses.
Fatigue Test
Plane bending fatigue test was conducted using torsion bending fatigue testing machine (SHIMADU: Type TB-10). The load frequency was f=33.3Hz. By applying positive mean stress, the fatigue test was performed under the stress ratio R=σ min /σ max =0.1. It means that the stress state under fatigue loading is tension-tension, thus compressive stress does not occur on the specimen surface where EBSD analysis is done. The test results under R=0.1 were compared with those under R=-1 (namely tension-compression fatigue loading) [1] . 
Experimental Procedure Fatigue Strength
The S-N diagram of as-received and coarse-grained materials is shown in Figure 2 . The coarsegrained material exhibit lower fatigue strength than the as-received one. It could be attributed to the degradation of mechanical properties by grain coarsening. In this figure, fatigue strengths at R = -1 and 0.1 are plotted. The fatigue strengths at R = -1 were re-plotted using modified-Goodman type equivalent stress amplitude, σ eq , which is defined as follows,
where σ a ; stress amplitude, σ m ; mean stress, σ B ; tensile strength. It should be noted that the fatigue strengths under different stress ratios are nearly the same when equivalent stress amplitude, σ eq , was used. Two fatigue tests were conducted at the stress amplitudes, σ a of 130MPa and 65MPa under R = -1 and 0.1, respectively.
Fatigue Crack Initiation at R=-1 (Zero Mean Stress)
Typical SEM image and IPF map under R=-1 is shown in Fig.3 . The fatigue crack in Fig.3(a) was observed at the cycle ratio, N/N f of 8% (N; number of load cycle, N f : number of load cycles to fatigue failure) [1, 2] . The crack has the length of 18μm, and the angle of 75º against horizontal line. From the IPF map, it is clear that the fatigue crack initiated within the narrow twin band with the thickness of 5μm. From the angle, α, (see Figure 1) , the twin band in Figure 3 find the angle, α, and Schmid Factor (SF) of each slip and twin system. Consequently, (-1011) primary twin (SF: 0.29) has the angle, α of 65º and (11-22) secondary pyramidal slip (SF: 0.24) has the angle, α of 78º. Those angles are similar to that of fatigue crack in Figure 3(a) . It could be concluded that primary twin firstly operated during fatigue loading, and then the operation of secondary twin or secondary pyramidal slip had resulted in the fatigue crack initiation. 
Fatigue Crack Initiation at R=0.1 (Positive Mean Stress)
Fatigue crack and IPF map under R=0 is shown in Figure 4 . Figure 5 reveals the cross section of fatigue crack obtained by FIB cutting. It should be noted that the crack grew into the material. Under the zero mean stress (R=-1), fatigue crack initiated within twin band. Under the positive mean stress (R=0.1), however, fatigue crack initiated twin boundary with the angle, α of 66º. EBSD angle analyses (Figure 1 ) revealed that all primary twins and secondary ones do not have the angle of 66º. But the misorientation between twin band and matrix (Figure 4 ) was found to be 34.8º. The dual twining {10-11}-{10-12} has the misorientation of 37.5º, which is similar to 34.8º. Furthermore, it is known that the operation of dual twin usually results in the surface undulation, which is seen in Figure 5 . Consequently, it could be concluded the operation of dual twining {10-11}-{10-12} has resulted in the fatigue crack initiation under positive mean stress. It is considered the missing of compressive stress under positive mean stress might have resulted in the different manner of twining and crack initiation mechanism. 
Conclusion
Fatigue tests under the stress ratios, R of -1 and 0.1 were conducted using coarse-grained AZ31 magnesium alloy. Fatigue crack initiation was investigated by EBSD crystallographic analysis. Under R=-1 (zero mean stress), fatigue crack initiated by the operation of secondary twin or secondary pyramidal slip with in a primary twin band. But under R=0.1 (positive mean stress), fatigue crack initiated due to the operation of dual twining {10-11}-{10-12}.
